The nature of the compartmentalization of catalase in human myeloid cells is an unresolved issue. Using a rabbit polyclonal antibody specific for catalase, indirect immunocytofluorescence of immature leukemic promyelocytes (HL-60 cells) showed a pattern of small, sharp, punctate staining in the cytoplasm of all cells, while mature neutrophils showed a larger diffuse, flocculent pattern of cytoplasmic staining. Differential centrifugation of nitrogen cavitates of HL-60 cells indicated that the putative catalase-containing compartment was relatively fragile compared with the compartment(s) that contained myeloperoxidase (MPO), phexosaminidase, P-glucuronidase, and lysosomal a-mannosidase activities. Parallel studies using dimethylsulfoxide (DMSO)-induced HL-60 cells and mature neutrophils showed that, in the course of differentiation, there was an apparent shift in the localization of catalase from the granule fraction to the cytosolic fraction. Percoll-sucrose density gradient centrifugation of HL-60 cell cavitates showed a catalase-containing compartment with a mean peak density (1.05 g/mL) significantly lower than that of the major myeloperoxidase-con-HE EXISTENCE OF catalase (oxidoreductase, EC 1.1 1.1.6) in both normal and leukemic human neutrophilic leukocytes has been known for many years.' Nevertheless, the precise subcellular localization of this enzyme in the mature peripheral blood neutrophil and its bone marrow precursor forms has not been well Catalase is a classical marker for the peroxisome (microperoxisomes, microbodies) of mammalian cells, and thus is generally considered to be a particulate enzyme! Indeed, numerous studies using cytochemical procedures have indicated the presence of catalase in a membrane-bound cytoplasmic compartment of human and other mammalian neutrophil^.^.^.' For the most part, these studies have been performed using fixed tissues and whole cells. in the cytoplasmic matrix, although in fewer than 2% of the cell profiles, one to two catalase-containing compartments were observed. The changes in catalase localization that occur during myeloid dfferentiation appear to be similar to the changes that occur during erythroid and megakaryocytic differentiation, and may have potential clinical signiflcance in the classification of acute leukemia and in the development of drug resistance.
The nature of the compartmentalization of catalase in human myeloid cells is an unresolved issue. Using a rabbit polyclonal antibody specific for catalase, indirect immunocytofluorescence of immature leukemic promyelocytes (HL-60 cells) showed a pattern of small, sharp, punctate staining in the cytoplasm of all cells, while mature neutrophils showed a larger diffuse, flocculent pattern of cytoplasmic staining. Differential centrifugation of nitrogen cavitates of HL-60 cells indicated that the putative catalase-containing compartment was relatively fragile compared with the compartment(s) that contained myeloperoxidase (MPO), phexosaminidase, P-glucuronidase, and lysosomal a-mannosidase activities. Parallel studies using dimethylsulfoxide (DMSO)-induced HL-60 cells and mature neutrophils showed that, in the course of differentiation, there was an apparent shift in the localization of catalase from the granule fraction to the cytosolic fraction. Percoll-sucrose density gradient centrifugation of HL-60 cell cavitates showed a catalase-containing compartment with a mean peak density (1.05 g/mL) significantly lower than that of the major myeloperoxidase-con-HE EXISTENCE OF catalase (oxidoreductase, EC 1.1 1.1.6) in both normal and leukemic human neutrophilic leukocytes has been known for many years.' Nevertheless, the precise subcellular localization of this enzyme in the mature peripheral blood neutrophil and its bone marrow precursor forms has not been well Catalase is a classical marker for the peroxisome (microperoxisomes, microbodies) of mammalian cells, and thus is generally considered to be a particulate enzyme! Indeed, numerous studies using cytochemical procedures have indicated the presence of catalase in a membrane-bound cytoplasmic compartment of human and other mammalian neutrophil^.^.^.' For the most part, these studies have been performed using fixed tissues and whole cells. All reported immunochemical studies have taining compartment (1.08 g/mL); in mature neutrophils, catalase activity comigrated with lactate dehydrogenase (LDH) activity. Catalase in isolated fractions was protected from proteolysis in the absence, but not in the presence, of 0.1 % Triton X-l W. Digitonin titration experiments confirmed the compartmentalized nature of catalase in immature HL-60 cells and were consistent with a cytosolic localization in mature neutrophils. Ultrastructural localization of catalase by Protein A-gold immunocytochemistry demonstrated four to six catalase-containing compartments in all HL-60 cell profiles. In mature neutrophils, catalase was localized primarily in the cytoplasmic matrix, although in fewer than 2% of the cell profiles, one to two catalase-containing compartments were observed. The changes in catalase localization that occur during myeloid dfferentiation appear to be similar to the changes that occur during erythroid and megakaryocytic differentiation, and may have potential clinical signiflcance in the classification of acute leukemia and in the development of drug resistance. been at the level of the light thus precluding a more detailed description of the nature of the catalasecontaining compartment. Cytochemical studies at the ultrastructural level have been used to identify a putative catalase-containing compartment in human neutrophils. These studies have taken advantage of the ability of catalase, under appropriate "catalase-specific' '
conditions?" to catalyze the peroxidation of 3,3'-diaminobenzidine (DAB) to an insoluble product that is both colored and electron-dense." Nishimura et alz examined mature peripheral blood neutrophils from individuals with a congenital catalase deficiency (Japanese acatalasemic families) and concluded that catalase was localized in granules of similar size to the myeloperoxidase (Mm)-containing azurophilic granules. In contrast, Breton-Gorius et a1 examined peripheral blood neutrophils and bone marrow precursors from normal individuals and from patients who were genetically deficient in MP0.3*'2 These studies clearly demonstrated the existence of a small catalase-containing granule that was judged to be distinct from all other categories of granules. The reasons for the discrepancy between these two careful studies are not known, but may involve inherent limitations in the use of the DAB reaction to distinguish cytochemically between catalase and MP0 in human neutrophil^.','^ While the DAB reaction can differentiate between catalases and peroxidases in certain specific cases,I4 some peroxidases continue to exhibit reactivity under the 'catalase-specific'' c o n d i t i~n s .~~~~'~~~~ Thus, the DAB method cannot be considered definitive when the exact nature and localization of the reactive enzymes is uncertain, as is the case in human neutrophils. This has led some investigators to use the more generalized term hydroperoxidase activity when referring to DAB-reactivity of neutrophils."
An alternative approach to characterizing the intracellular localization of catalase in the neutrophil has involved subcellular fractionation of cell homogenates, followed by specific DAB cytochemical ultrastructural studies of sucrose density gradient fractions from rabbit heterophils. and VercauterenZo reported the biochemical presence of particulate bound catalase in subcellular fractions from equine neutrophils. Catalase has been quantitated biochemically in cell extracts prepared from a human leukemic cell line (HL-60) and from human chronic myeloid leukemia cells with procedures that used sonication, repeated freeze-thaws, or detergents, thus suggesting a particulate nature of the The purpose of the present investigation was to examine whether catalase was localized in a discrete compartment in immature neutrophilic granulocytes, and to determine whether its localization changed during differentiation to mature peripheral blood neutrophils. We now present biochemical, immunocytofluorescence, and ultrastructural immunogold evidence for the existence of a catalase-containing compartment in human leukemic HL-60 cells. In addition, we provide evidence that as immature cells undergo differentiation, catalase becomes primarily localized to the cytoplasmic fraction of the cell. A preliminary report of portions of this work has been reported previously."
MATERIALS AND METHODS

Muteriuls.
Diisopropyl fluorophosphate, protease inhibitors, adenosine triphosphate (ATP), NQDTA, Percoll, nitroblue tetrazolium, Histopaque 1077, digitonin (for use in aqueous solutions), and most enzyme assay substrates and standards were obtained from Sigma Chemical, St Louis, MO. Titanium oxysulfate-sulfuric acid complex hydrate was obtained from Aldrich Chemical, Milwaukee, W. Goat anti-rabbit horseradish peroxidase (HRP) and 4-chloro-lnaphthol were purchased from Bio-Rad, Melville, NY. IgGsorb was obtained from the Enzyme Center, Malden, MA. Mono-Poly Resolving Medium was obtained from ICN Biomedicals, Irvine, CA. Rabbit anti-human white blood cell catalase antiserum of known specificity2' was the kind gift of Dr Inge Olsson. Rabbit anti-human red blood cell catalase antiserum was purchased from Athens Research and Technology, Athens, GA. Fluorescein-conjugated goat anti-rabbit F(ab')z was purchased from Jackson lmmunoresearch Laboratories, West Grove, PA. Affinity-purified rabbit anti-rat liver catalase was the kind gift of Dr Takashi Hashimoto.
CeN culture and neutrophil isolation. Human myeloid leukemic HL-60 cells (passage 20 to 40) were grown in suspension as described previouslyu and harvested after 3 or 4 days. Dimethylsulfoxide (DMSO)-induced HL-60 cells were grown as described with 1.25% DMSO added to the media and harvested after 4 or 5 days. Differentiation was assessed by Nitroblue tetrazolium (NBT)-positivflright-stained slides:6 and indicated approximately 80% mature cells (myelocytes to segmented neutrophils). Neutrophils were isolated by venipuncture from peripheral blood of healthy volunteers giving informed consent using a modification of the method of Kalmar et al. 27 Briefly, 8 mL of blood (containing 5 U heparin/ mL) were layered over 5 mL Mono-Poly Resolving Medium plus 2 mL Histopaque 1077 in 15-mL conical bottom, polystyrene tubes (Baxter Scientific Products, McGraw Park, E). The tubes were centrifuged at room temperature for 30 to 45 minutes at 500g. Neutrophils were collected and rinsed with 1OX v01 Dulbesco's phosphatebuffered saline (PBS), and red blood cells were lysed by hypotonic lysis with cold water and restored to isotonicity with NaCl. Purity (>93%) and yield were determined by Wright-Giesma-stained slides of whole blood and neutrophil preparations.
Sukellularfroctiorfion. Cells were collected by centrifugation at 500g for 10 minutes followed by treatment with 5 mmol/L diisopropyl fluorophosphate for 5 minutes. After a wash in PBS, cells were resuspended in relaxation buffeZaB ( 9 0 mmoVL KCl, 3 mmoV L NaCI, 3.5 mmol/L M&&, 10 mmoVL HEPES, pH 7.3, 1 mmoV L ATP [Mg salt], and 0.1% ethanol) containing 1 mmoVL phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L dithiodipyridine (DDP), 1 mmoVL benzamidine, and protease inhibitor mix (PIM), consisting of 2.5 pg/mL each of chymostatin, pepstatin A, leupeptin, elastatinal, and antipain, and 5 pg/mL of aprotinin. We investigated the effects of cell concentration, nitrogen pressure, and equilibration time on cell lysis by nitrogen cavitation (Parr 4639). No differences in the extent of cell lysis were observed between 2 and 7 x lo7 cells/ mL and 10 to 20 minutes equilibration time; however, varying the cavitation pressure had a striking effect on cell lysis (see Results). and (4) the supernatant from the microsomal pellet was designated as the soluble fraction. In one experiment (see Fig 2) , the PNS was obtained by centrifugation for 4 minutes at 210g the granule fraction was obtained by centrifugation at 39,200g for 10 minutes, and the microsomal fraction was obtained by centrifugation at 100,OOOg for 60 minutes. These conditions gave essentially the same results as obtained using the more standard conditions. All centrifugations were performed at 4°C. Pellets were resuspended in relaxation buffer containing 2 mmol/L EGTA, 0.3 mmoVL NhEDTA. and 0.1% Triton X-100; Triton X-100 was added to the supernatants to a final concentration of 0.1 %.
Percoll gradients. Percoll-sucrose gradients were prepared as follows: PNS, equivalent to 1 X lo8 cells in a volume of 1.2 to 1.6 mL, was loaded on top of 20 mL of a 22% PercolVO. 25 U1mL.I) The gradients were centrifuged at 4°C in a 60-Ti rotor at 62,0008 for 35 minutes with slow acceleration and no brake (total run time, -1 hour). Gradients were fractionated from rhe bttom of the tube into 12 fractions using a peristaltic pump with a bluntended, 20-gauge, stainless steel spinal needle in conjunction with an automated fraction collector. Protease inhibitors (PMSF, PIM, DDP, and benzamidine) and 0.1% Triton X-100 were immediately added to all fractions and the Percoll was removed from fractions 8 through 12 by centrifugation at 393,2018 for 26 minutes at 4°C in a Beckman (Fullerton, CA) OPTIMA TL-100 table-top ultracentrifuge. Fractions were stored at 4°C until completion of all enzyme assays. Refractive indices were determined on fractions brought to room temperature using a refractometer and converted to their respective densities using a standard curve. Other Percoll gradients used to fractionate granules from HL-60 cells or from normal human peripheral blood neutrophils were used as described earlier?"32 Enzyme assays. In one experiment (see Fig 2) . MP0 activity was determined using guaiacol as the electron donor by measuring the increase in absorbance at 470 nm in the presence of 0.3% cetyltrimethyl ammonium bromide as previously de~cribed.~' Catalase activity was determined by measuring the liberation of oxygen from hydrogen peroxide (HzOz) with an oxygraph and a Clark-type oxygen electrode (YSI CO, Yellow Springs, OH) at 25°C in the presence of
In all other studies, enzyme activities were determined spectrophotometrically using 96-well assay plates and a Thermomax microplate reader (Molecular Devices, Menlo Park, CA). The samples were diluted appropriately with relaxation buffer containing 2 mmol/ L EGTA, 0.3 mmom N a D T A , and 0.1% Triton X-100 (except for the catalase assay) so as to give linear first-order kinetics in the enzyme assays. M P 0 activity was determined by adding substrate (2.2 mmoVL o-phenylenediamine dihydrochloride and 2.94 mmoY L H202 in 50 mmoVL citrate buffer, pH 5.0) to an equal volume of diluted sample. 35 The increase in absorbance was measured at 450 nm and reported as the change in absorbance/min/108 cells. Catalase was assayed according to the procedure of Peters et a136 modified by using a commercially prepared titanium oxysulfate-sulfuric acid complex hydrate (1 g100 mL H,O) and increasing the final H202 concentration to 17.6 mmoVL. A precipitate was removed from the sample before reading the absorbance at 405 nm. Bovine catalase was used as the standard and results were reported as units of catalase/108 cells. Lactate dehydrogenase (LDH)37 was assayed in a final concentration of 0.34 mmoVL sodium pyruvate and 0.23 mmol/ L NADH in 28 mmol/L sodium phosphate buffer, pH 7.4, and measuring the decrease in absorbance at 340 nm. Rabbit muscle LDH was used as the standard and results were reported as units of LDW 10' cells. Lysosomal a-mannosidase was assayed according to the method of Dewald and Touster," and &hexosaminidase (N-acetyl-P-glucosaminidase) was assayed according to the method of Baggiolini.39 Both of these assays used p-nitrophenol as the standard and the results were reported as micrograms of p-nitrophenol released h/108 cells. &glucuronidasew was assayed by incubating the sample with 2 mmoVL phenolphthalein-glucuronic acid in 0.2 m o m acetate buffer, pH 4.5 at 37°C for 6 to 8 hours. The reaction was stopped with 0.2 m o m glycine-NaOH buffer, pH 11.7, and the absorbance measured at 562 nm. Phenolphthalein was used as the standard and the results were reported as nanomoles of phenolphthalein cleaved h/108 cells.
Tritodtrypsin treatments. Percoll gradient fractions were treated in the presence and absence of 0.1% Triton X-100 and/or trypsin (240 pg/mL) in PBS at 37°C for 1 hour. The digests were stopped with 480 pg/mL soybean trypsin inhibitor, immunoprecipitated for catalase, subjected to sodium dodecyl sulfate polyacralymide gel electropheresis (SDS-PAGE) and immunoblotted for the protein.
Immunoprecipitation, SDS-PAGE, and immunoblotting. Sample extracts, equivalent to 2.5 X lo6 cells, in high-salt PBS (PBS containing 0.15 m o m NaCl, 5 mmoVL EDTA, 0.1% Triton X-100, and protease inhibitors) were incubated overnight with polyclonal antibody or preimmune rabbit serum at 4°C. The immune complexes were incubated with IgGsorb for 1 hour at 4"C, followed by centrifugation in a microcentrifuge at 7,100g for 1 minute, and washed three times with wash buffer (50 mmoVL Tris, pH 7.4, 1.0% Triton X-100,0.02% SDS, 0.15 moVL NaC1, and 5 mmoVL EDTA). Washed immunoprecipitates were resuspended in 1X SDS-PAGE sample buffer (0.031 m o K Tris, pH 6.8, 1.0% SDS, 5.0% glycerol, 0.038% bromophenol blue, 1.0 mmoVL EDTA, and 0.71 moVL p-mercaptoethanol), boiled 10 minutes, and SDS-PAGE was performed on 10% polyacrylamide ( 5 0 1 acry1amide:bis) tall mini-gels (Idea Scientific, Minneapolis, MN). Gels underwent electrophoretic transfer to nitroc e l l~l o s e~~~~~ at 300 mA overnight in 50 mmoVL Tris-borate buffer with 20% methanol, pH 8.3. The membrane was fixed in 0.5% glutaraldehyde in PBS for 15 minutes43 and washed three times in 0.01% wash buffer with Tween (WBT) (20 mmol/L Tris, 300 mmol/L NaC1, and 0.05% Tween-20, pH 7.4). The membrane was incubated for 2 hours in the primary antibody diluted in WBT and then washed three times in WBT. After a l-hour incubation in the second antibody (HRP-conjugated goat anti-rabbit IgG) diluted in WBT, the blot was washed three times in WBT, twice in wash buffer without Tween, and once in HN buffer (10 mmoVL potassium phosphate with 0.15 m o m NaCI, pH 7.6). Color development was performed in HN buffer using 4-chloro-l-napthol and HzOz as recommended by the supplier; the reaction was stopped with 0.02% sodium azide.
Digitonin titration. Cells, in 0.25 mom sucrose, 1 mmolL Tris, and 1 mmol/L EDTA, pH 7.5 to 8.0, were incubated on ice at a concentration of 2.0 to 3.5 X lo7 cells/mL in a total volume of 0.300 mL. for 5 minutes with increasing amounts of digitonin (0 to 1, OOO pg/mL). Half the volume was removed and centrifuged in the microcentrifuge at 13,100g for 3 to 4 minutes. The pellet was restored to the original volume in the 0.25 m o m sucrose buffer, and protease inhibitors and Triton X-100 (final concentration, 0.1%) were added to all samples. The original sample, pellet, and supernatant were assayed to determine loss of latency of enzyme a~tivities.".~' Indirect immunocyrofluorescence microscopy. Slides of HL-60 cells or neutrophils in PBS were prepared in a cytocentrifuge at 9Og for 4 minutes. The cells were fixed in 10% formalinPBS at 9Og for 8 minutes and then permeabilized with 0.075% Triton X-100 at 90g for 4 minutes. The slides were washed in PBS three times, incubated with first antibody for at least 2 hours at room temperature, washed five times, and then incubated with second antibody [fluoresceinconjugated goat anti-rabbit F(ab')2] for 1 hour at room temperat~re.~~ The slides were washed five times and a coverslip applied with 20% polyvinyl alcohol in Tris-glycerol, pH 9.0, containing p-phenylenediamine (0.25 g/L).47.48 Preparations using antibody against the secretory component of IgA or deletion of first antibody served as negative controls; antibodies against MP0 and lactofenin (azurophilic and specific granule protein markers, respectively) were used as positive controls.
Ultrastructural immunogold. Mature neutrophils and HL-60 cells were processed for electron microscopy as described below. Cells were fixed in 2.5% glutaraldehyde in 0.1 moVL cacodylate buffer for 30 minutes. This step was followed by postfixation with 1% aqueous osmium tetroxide for 20 minutes, dehydration using a series of graded ethanols, and embedding in Epon Araldite (Ernest F. Fullam, Inc, Latham, NY). Polymerization of the bloc@ was performed for 48 hours at 45°C. Ultrathin sections (60 to 90 A) were collected on 200-mesh uncoated nickel grids and were etched using a saturated aqueous solution of sodium metaperiodate as described previ0usly.4~ This step was followed by immunolocalization of catalase using Protein A gold (Amersham, Arlington Heights, IL) (10-nm particle^)."^ Finally, sections on grids were stained with aqueous uranyl acetate and lead citrate and examined using a Philips 201C transmission electron microscope (60 kV) (Philips Electronic Instruments, Mahwah, NJ). Forty to fifty cell profiles were examined in each group. As controls, parallel incubations were performed with each cell type using preimmune serum instead of anticatalase.
RESULTS
Immunocytojluorescence of catalase-containing compartments. In indirect immunocytofluorescence using anticatalase antibodies, HL-60 cells (predominantly immature promyelocytes) exhibited a pattern of small, sharp, punctate staining throughout the cytoplasm of virtually every cell ( Fig  1A) . When mature neutrophils were examined in a similar fashion (Fig lB) , a large, diffuse flocculent pattern of cytoplasmic staining was observed. This suggested that the localization of catalase in the mature cells was different from its localization in the immature cells. Based on these microscopic observations and on the "soluble" nature of the enzyme reported in biochemical studies of mature neutrophil~,".'~ immature HL-60 cells were used in the following biochemical experiments designed to demonstrate the existence of a catalase-containing compartment in human myeloid cells.
Cavitation and differential centrifugation using uninduced HL-60 cells. Cells were equilibrated at several different pressures and the resulting cavitates were subjected to differential centrifugation to obtain a series of subcellular fractions. The granules of HL-60 cells are typically of the primary or azurophilic type, and secondary or specific granules are not Therefore, MPO, a prototypic marker of azurophilic granules, was used to assess the degree to which intracellular granules were lysed under these conditions. Also, an excess of enzyme activity in the nuclear fraction was taken as an indication of whole cell contamination resulting from insufficient lysis.
The results of an initial experiment in which the distribution of catalase and MP0 activities among the different subcellular fractions was determined are shown in Fig 2. At an equilibration pressure of 1 0 0 psi, approximately 55% of the MP0 activity was detected in the nuclear fraction, and the remaining activity was found in the granule fraction (Fig  2A) . At 250 psi, the MP0 activity decreased to 10% in the nuclear fraction and increased to nearly 90% in the granule fraction. When the cavitation pressure was increased to 350 psi, virtually all of the M P 0 activity was present in the granule fraction. Although an equilibration pressure of 250 psi was sufficient to lyse approximately 85% of the HL-60 cells, the MPO-containing granules remained intact at pressures as high as 350 psi. As shown in Fig 2B, analysis of catalase activity in these same fractions showed that at both 100 psi and 250 psi, the percentage of catalase activity released from the nuclear fraction was less than that for MPO; there was approximately 30% and 65% activity in the granule fraction, respectively. However, at 350 psi, only 40% of the catalase activity remained in the granule fraction, and the soluble activity of catalase increased dramatically (from 10% to 50%). Based on these preliminary observations, 250 psi was selected as the most appropriate cavitation pressure to use for the remaining studies on the subcellular localization of catalase. Furthermore, these results suggested that a significant portion of the catalase was contained within a fragile intracellular compartment distinct from the MPOcontaining compartment, whereas a smaller portion cofractionated with M P 0 in the granule fraction.
To investigate further the distribution of catalase and M P 0 activities, we performed a series of experiments (n 5 9) in which we measured the activity of a soluble cytoplasmic enzyme (LDH) and the activities of a number of typical lysosomal acid hydrolases that are localized in azurophilic granules: P-glucuronidase, @-hexosaminidase, and lysosomal a-manno~idase.'~ The results of these experiments are shown in Fig 3, and the corresponding values reported in the text below represent mean values. The soluble fraction contained 84% of the LDH activity, a finding that was in good agreement with the hemacytometer data used earlier to monitor the percent lysis of cells during cavitation (Fig  2) . The majority of the M P 0 activity (80%) was recovered in the granule fraction and, in agreement with the degree of cell lysis, 15% of the total M P 0 activity (as well as the activities of all three acid hydrolases) was associated with the nuclear fraction. Interestingly, only 65% to 70% of the activity of the three acid hydrolases was associated with the granule fraction. Compared with M P 0 and the other azurophilic granule markers, catalase activity was substantially lower in the granule fraction (47%), but was correspondingly higher in the soluble fraction (24%). These data provided additional support for the idea that a significant portion of the catalase activity resided in a compartment that was more easily disrupted under these conditions than were the typical azurophilic granules.
Changes in localization of catalase associated with neutrophil diflerentiation. We next investigated the cellular levels and the subcellular distributions of these same enzymes in mature peripheral blood neutrophils and in HL-60 cells that had been induced to differentiate with DMSO toward more mature neutrophils. Table 1 presents data on the levels of activity for each of the marker enzymes in these two different, more mature cell populations compared with their activities in uninduced, immature HL-60 cells. On a per-cell basis, the levels of LDH progressively decreased with increasing differentiation. This observation was consistent with the well-documented, progressive decrease in average diameter of the cells as they undergo differentiati~n.~~ No significant differences were observed in the activities of catalase, MPO, or P-glucuronidase between uninduced HL-60 cells and normal, mature neutrophils, but significant decreases were found for P-hexosaminidase and lysosomal amannosidase.
It is important to note that induced HL-60 cell populations actually represent a broad spectrum of cells in varying stages of differentiation, and other investigator^^^ found that cellular enzyme activities were proportionately intermediate between the uninduced cells and fully mature peripheral blood neutrophils, depending on the relative numbers of the more mature cell forms. In addition, the values for different enzyme activities can differ considerably depending on the number of cell passage^,^' the nonspecific release of enzymes during different times and conditions of and the conditions for extraction of different enzymes. 33 Mature neutrophils and DMSO-induced HL-60 cells were subjected to nitrogen cavitation using our standard condi- tions, and the cavitates were fractionated by differential centrifugation. Enzyme marker profiles for the resulting fractions are presented in Fig 3 . Two significant differences were evident when comparisons were made with uninduced HL-60 cells. First, as the total cell population became progressively more mature, the amount of catalase activity associated with the soluble fraction of the DMSO-induced HL-60 cell population was increased 2.5-fold. In the fully mature neutrophil, the level of catalase activity associated with the soluble fraction was more than three times greater than in the immature uninduced cells. These progressive increases in catalase activity associated with the soluble fraction were roughly paralleled by decreases in the catalase activity of the combined nonsoluble fractions (nuclear, granule, microsomal). Among the granule-associated enzymes, only catalase activity was associated with major changes in its relative distribution among the different subcellular fractions. Taken together, these observations suggested several possible interpretations: (1) the compartmentalized catalase in uninduced HL-60 cells became progressively localized as a cytosolic enzyme during differentiation; (2) the compartment containing catalase became progressively more fragile in mature Fraction cells; and/or (3) the catalase-containing compartment was so small that it distributed to the cytosolic fraction.
The second major change was in the distribution of the activities of M P 0 and the other azurophilic granule marker enzymes in the mature neutrophil (Fig 3) . In comparison to the uninduced HL-60 cells, these activities showed decreases associated with the granule and soluble/microsomal fractions in the range of 7% to 22% and 0% to 17%, respectively, and corresponding increases in activity in the nuclear fraction (range, 22% to 32%). We have previously shown that HL-60 cell granules, on average, have a lower density and smaller size than the typical azurophilic granules in mature (see below). Thus, under the differential centrifugation conditions used for fractionating uninduced HL-60 cell cavitates, the larger and denser azurophilic granules of the mature neutrophil now appeared in the nuclear fraction. As expected, the relative amount of LDH activity found in the soluble fraction was essentially the same for all the cells, regardless of the degree of differentiation.
Percoll-sucrose density gradient centrifugation. To demonstrate directly the presence of a catalase-containing compartment, we used Percoll-sucrose density gradient cen- trifugation to fractionate the cell cavitates from immature and fully mature neutrophils. Figure 4 shows a set of typical fractionation profiles for catalase, LDH, and several azurophilic granule enzymes obtained using uninduced HL-60 cells. These profiles showed the presence of two distinct, rather well-separated, density compartments: (1) a lowerdensity compartment with a mean peak density of 1.05 g/ mL (fractions 4 through 7; density range, 1.041 to 1.059), and (2) a higher-density compartment with a mean peak density of 1.08 g/mL (fractions 9 through 12; density range, 1.065 to l. 103). Approximately 60% of the total MP0 activity was associated with the high-density fraction, while approximately 30% was associated with the lower-density fraction. In contrast, almost 50% of the catalase activity was found associated with the lower-density compartment, and about 40% of the activity was in the soluble fraction as defined by the localization of LDH activity. Further evidence that these different density compartments were not simply artifacts of the density gradient procedure was obtained when the granule fraction was placed at the bottom of the gradient before centrifugation and the compartments migrated to the same buoyant densities (data not shown). When mature peripheral blood neutrophils were examined in a similar manner, results such as those shown in Fig 5 were obtained. Essentially all of the catalase activity was found to cofractionate with the LDH cytoplasmic marker. In sharp contrast, most of the activity of the granule-associated acid hydrolases and M P 0 migrated to the bottom of the gradient. Interestingly, a small amount of activity (5% to 15%) was always found to be at the density characteristic of the lower-density compartment. Cavitates from mature peripheral blood neutrophils were also fractionated using a two-gradient Percoll-density system previously developed in our laboratory to assess neutrophil granule heter~geneity.~~ As reported earlier, the activities of the marker enzymes for both specific and azurophilic granules were found to be dispersed throughout the two gradients, while the catalase activity cofractionated with the LDH activity in the top 20% of both the high-and low-density Percoll gradients (data not shown). Taken together, these data indicated that, in immature HL-60 cells, the major portion of the cellular catalase activity was localized to a low-density compartment. In mature neutrophils, virtually all of the cellular catalase activity was colocalized with the LDH activity of the cytoplasmic fraction; however, these data did not distinguish between a true cytosolic localization or a small, fragile catalase-containing compartment.
Catalase in isolated compartments is protected from proteolysis. Additional evidence that catalase was contained in a membrane-bound compartment in immature HL-60 cells was obtained by examining the behavior of purified catalase and isolated compartments when subjected to proteolytic digestion in the presence and absence of detergent. Following appropriate incubations in the presence or absence of 0.1% Triton X-100 and/or trypsin (see Methods for details), the samples were examined by SDS-PAGE. The results of a representative trypsin-protection experiment using both soluble and granule catalase-containing fractions obtained from a Percoll density gradient3' are shown in Fig 6. It can be seen that in controls (no detergent/trypsin, panels 1 and 2; detergent only, panels 3 and 4), catalase from both the soluble and granule fractions migrated characteristically as the intact 60-kD monomer. In contrast, in the presence of trypsin but without detergent, catalase in the soluble fraction was almost completely degraded to several smaller, faster migrating species (panel 5). Under these same conditions, catalase in the granule fraction remained resistant to proteolysis and migrated as the undegraded 60-kD species (panel 6). In the presence of detergent and trypsin, catalase in both the soluble and granule fractions was completely degraded (panels 7 and 8). These data indicated that the catalase activity associated with the isolated gradient fractions was not nonspecifically adsorbed to the surface of a membrane, but rather was internalized within a membrane-bound compartment.
Digitonin titrations. Digitonin has been shown to form complexes with cholesterol in cell membranes, leading to a permeabilization of the membrane and subsequent release of latent enzyme activity. Membranes that differ in their content of cholesterol show a differential release of enzymes with varying concentrations of digitonin." The plasma membrane generally contains a greater amount of cholesterol than the membranes of the cytoplasmic organelle^.^^ As such, digitonin titrations can be used to distinguish differences in enzyme compartmentalization under conditions that do not require prior cellular disruption. Figure 7A presents data from a series of six separate experiments in which digitonin was used to examine whether catalase activity in the mature neutrophil exhibited a release profile consistent with a cytosolic localization. Catalase activity was rapidly released in parallel with cytoplasmic LDH activity by relatively low concentrations of digitonin. In contrast, a comparable release of B-glucuronidase and P-hexosaminidase activities required higher concentrations of digitonin and exhibited a latent release profile typical of enzymes localized in intracellular organelle^.^.'^ When uninduced HL-60 cells were subjected to a similar digitonin titration (Fig 7B) , the release of catalase activity paralleled the release of the acid hydrolases contained in the azurophilic granules. The release of cytosolic LDH activity from HL-60 cells required a higher concentration of digitonin than was required for its release from mature neutrophils (compare Fig  7A with 7B) ; this was consistent with a lower cholesterol content of the plasma membrane of HL-60 cells and normal immature bone marrow precursor cells relative to mature neutrophils.m. 6' To clarify further the separation of the activities of cytosolic LDH and granule enzymes in HL-60 cells, we performed kinetic experiments (n = 3). Uninduced HL-60 cells were treated with four different concentrations of digitonin (50 to 400 pg/mL) and the release of activity was determined as a function of time. The results from a typical experiment using 1 0 0 pg/mL digitonin are shown in Fig 7C. LDH activity was released at a much faster rate than were catalase or the other granule enzyme activities. These data provided additional support for the compartmentalization of catalase and acid hydrolase activities relative to LDH activity in uninduced HL-60 cells. With regard to mature neutrophils, the more soluble catalase activity could be attributed either to a cytosolic localization or to a distribution within a compartment exhibiting increased fragility and/or detergent sensitivity.
Ultrastructural immunogold localization of catalase. When uninduced HL-60 cells were examined in the electron microscope using a specific anti-catalase antibody and Protein A-gold, all cell profiles exhibited catalase immunostaining exclusively in membrane-bound compartments (Fig SA) . Quantitatively, there were four to six catalase-containing compartments in each cell profile. In marked contrast, catalase immunostaining in mature neutrophils was localized primarily in the cytoplasmic matrix (Fig 8B) . In a small number of the cell profiles examined (<2%), a catalasecontaining compartment was observed (Fig SB, inset) . The number of these compartments was zero to two per cell profile.
DISCUSSION
This report has presented several independent lines of biochemical, immunocytochemical, and ultrastructural immunogold evidence to support the subcellular localization of catalase within a membrane-bound Compartment in immature human leukemic HL-60 promyelocytes. Indirect immunocytofluorescence studies using a specific anticatalase antibody first suggested the presence of such a compartment. Disruption of membranes by nitrogen cavitation at varying equilibration pressures, followed by Percoll-sucrose density gradient centrifugation, clearly showed that a catalase compartment was reproducibly present and was relatively fragile compared with the MPO-containing granules. Catalase in Percoll gradient fractions was protected from proteolytic digestion in the absence, but not in the presence, of detergent, and digitonin titration experiments demonstrated that catalase exhibited a latency similar to other well-characterized granule enzymes. Finally, the catalase-containing compartment was visualized ultrastructurally using a specific anticatalase antibody and Protein A-gold.
Myeloid, erythroid, and megakaryocytic cells all contain substantial amounts of ~a t a l a s e . ' .~~.~~ Breton-Gorius et al have used electron microscopic cytochemistry to examine bone marrow cells from each of these three cell lincatalase-containing (DAB-reactive) compartments in the immature cells of these lineages that were presumed to be microperoxisomes. Our biochemical and ultrastructural immunogold data concerning the localization of catalase to a subcellular compartment in immature, leukemic HL-60 cells are consistent with these previous cytochemical ultrastructural observations. It should be pointed out that our conclusions are at variance with digitonin experiments reported by Kos et aLM These investigators concluded that catalase was localized to the cytosolic fraction in undifferentiated HL-60 cells, but was compartmentalized in peripheral blood neutrophils. We have no explanation for this discrepancy at present.
Interestingly, Breton-Gorius et a1 reported that as differentiation of immature myeloid, erythroid, and megakaryocytic cells progressed, the number and size of the DAB-reactive catalase-containing compartments decreased.3.'2.M.hs Relatively few of these compartments were observed in mature neutrophils and platelets, while none were observed in mature erythrocytes.M It is widely accepted that catalase is localized to the cytosolic fraction of the erythrocyte, since the 
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absence of any subcellular organelles clearly precludes an artifactual origin. Our biochemical data using uninduced and DMSO-induced HL-60 cells and fully mature, peripheral blood neutrophils indicated that catalase appeared to become progressively associated with the cytosolic compartment of the cell during differentiation. Furthermore, our ultrastructural immunogold studies of mature neutrophils indicated that less than 2% of the cell profiles exhibited catalasecontaining compartments, and the number observed was only one to two per cell profile. Based on all the available data, we conclude that, as with the mature erythrocyte, the majority of the catalase in mature neutrophils is cytosolic in nature.
The existence of a catalase-containing compartment in immature neutrophils raises the interesting question as to its nature. Specifically, does the compartment represent a true peroxisome? de Duve and Baudhuin4 originally defined mammalian peroxisomes as catalase-containing structures that also contained at least one hydrogen peroxide-generating flavoprotein oxidase. Although our present work does not directly address this issue, we have used immunoblotting techniques to identify several peroxisomal enzymes (acylCoA oxidase, bifunctional enzyme, thiolase) in our subcellular fractions from HL-60 cells (unpublished observations). These observations are consistent with data by Vallari et al, 6 ' who identified several enzymatic activities associated with the later steps in glycero-ether lipid synthesis in subcellular fractions from HL-60 cells. Since peroxisomal enzymes supply intermediates for the glycero-ether lipid pathway:' it is not unreasonable to suggest that the peroxisomal enzymes associated with this pathway are also present in these cells.
It is well known that the enzymatic content of peroxisomes can vary widely depending on the nature and origin of the Thus, it is also of interest to ask whether the catalasecontaining compartment in immature myeloid cells contains other enzymes that are characteristic of this cell lineage, eg, MPO. Our data indicated that approximately 30% of the MP0 activity cofractionated with the lower-density peak of catalase activity in Percoll-sucrose density gradient fractions. While this observation is only suggestive, at best, it is interesting to note that in another myeloid cell, the eosinophil, electron microscopic data indicated that catalase and the lysosomal hydrolases, P-glucuronidase and cathepsin D, were colocalized in the specific granule, together with peroxisomal acyl-CoA oxidase.70s7' Furthermore, eosinophilic peroxidase has also been localized to the specific granule.'* Such a colocalization of peroxisomal and lysosomal proteins poses intriguing questions related to the intracellular biosynthetic pathway and biological function.
Finally, it is worth noting that our observations may have potential clinical relevance. The absence of particulate catalase in fibroblasts and amniocytes has been used in the diagnosis of Zellweger syndrome and other peroxisomal disorder~.'"'~ Traditionally, the classification of acute leukemia has relied on morphology and cytochemistry as embodied in the French-American-British (FAB) proposals.75 More recently, the use of specific antibodies against both cell surface and cytoplasmic antigens, as well as the use of cytogenetic and molecular genetic markers, have allowed even more precise and reproducible classification of the acute leukem i a~.~~,~~ In this context, we suggest that further studies on the localization of catalase in acute leukemia may provide a different and direct biochemical measure of the relative degree of differentiation of these abnormal cells, as well as new insights into dysgranulopoietic events associated with the leukemic process. Also, changes in the intracellular levels of catalase and other antioxidant enzymes are often associated with the development of drug r e s i~t a n c e . 7~~~~ Since the distribution of catalase may be different in relapsing leukemic cells and those present at diagnosis, our results may have relevance in this area of study as well.
